Much evidence suggests a role for inflammation in the pathogenesis of endometriosis. Although investigators in numerous case-control studies have found elevation of inflammatory markers in patients with endometriosis, results were not consistent, and no prior prospective study is known to exist. We conducted a case-control study nested within the Nurses' Health Study II in which we examined associations between levels of plasma inflammatory markers (interleukin-1 beta, interleukin-6, soluble tumor necrosis factor α receptors 1 and 2, and high-sensitivity C-reactive protein) and the risk of laparoscopically confirmed endometriosis. From blood collections in 1996-1999 and 2007, we ascertained 350 cases patients with incident endometriosis and 694 matched controls. Women with interleukin-1 beta levels in quintiles 2-4 had a higher risk of endometriosis (for the second quintile, relative risk (RR) = 3.30, 95% confidence interval (CI): 1.06, 10.3; for the third quintile, RR = 3.36, 95% CI: 1.09, 10.4; and for the fourth quintile, RR = 4.64, 95% CI: 1.58, 13.6; P for trend = 0.62), which suggested an association beginning at 0.47 pg/mL or greater. A significant nonlinear association with levels of soluble tumor necrosis factor α receptor 2 was observed, with elevated risk of endometriosis at concentrations greater than 3,400 pg/mL. Plasma interleukin-6, soluble tumor necrosis factor α receptor 1, and high-sensitivity C-reactive protein levels were not associated with endometriosis risk. Further research in larger studies with younger age at blood collection and longer time from blood to surgical diagnosis are required to confirm these associations.
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Endometriosis is a benign, chronic, estrogen-dependent gynecologic disorder that affects 6%-10% of women of reproductive age in the United States (1) . It is defined as the presence of endometrial-like tissue outside of the uterine cavity (2) . Common signs and symptoms include pelvic pain, dysmenorrhea, dyspareunia, and reduced fertility (1) . The mostly widely accepted theory of endometriosis pathogenesis is that the disorder originates from retrograde menstruation of endometrial tissue sloughed through the fallopian tubes into the peritoneal cavity, which attaches to the peritoneum, invades its epithelium, and proliferates (3). However, as retrograde menstruation occurs in 76%-90% of women, the lower comparative prevalence of symptoms of endometriosis suggests that other processes must contribute to the implantation of endometrial cells and persistence of endometriotic lesions among this smaller subset of women (1, 4) .
Aberrant immunologic mechanisms and inflammatory responses in the pathophysiology of endometriosis have been implicated in previous studies. The peritoneal fluid of women with endometriosis has been reported to contain increased numbers of immune cells, which appear to enhance the survival and proliferation of ectopic endometrial cells by secreting various local products such as growth factors and cytokines (5, 6) . Additionally, many studies have reported that inflammatory factors, including interleukin-1 beta (IL-1β), interleukin-6 (IL-6), tumor necrosis factor α (TNF-α) and high-sensitivity C-reactive protein (hs-CRP), were elevated in the peritoneal fluid and peripheral blood of women with endometriosis compared with controls (7) (8) (9) (10) .
It is unclear whether the observed elevation of inflammatory markers results from inflammatory reactions in the disease process or whether it is among the causes of the disease. To our knowledge, no prospective studies have been conducted to elucidate this question. Moreover, although many studies have found elevated levels of IL-1β, IL-6, TNF-α or hs-CRP among women with endometriosis compared with controls (7-10), some have also observed no association for these markers (11) (12) (13) . Therefore, we conducted a case-control study nested within the Nurses' Health Study II (NHSII), to prospectively investigate the association between plasma levels of inflammation markers (IL-1β, IL-6, soluble tumor necrosis factor α receptor-1 (sTNFR-1), soluble tumor necrosis factor α receptor-2 (sTNFR-2) and hs-CRP) and the subsequent risk of laparoscopically confirmed endometriosis.
METHODS

Study population and data collection
The NHSII is a prospective cohort study of 116,430 US female nurses who were aged 25-42 years in 1989. At baseline, participants completed a detailed questionnaire regarding medical history, lifestyle, and reproductive information. Blood samples were collected between 1996 and 1999 from 29,611 cohort members who were aged 32-54 years (14) . Premenopausal women who had not taken hormones and who had not breastfed or been pregnant within 6 months (n = 18,521) provided a midluteal sample 7-9 days before the anticipated start of their next cycle. Women who declined or who were unable to provide a timed sample (e.g., currently using oral contraceptives) (n = 11,090) provided an untimed blood sample. Samples were shipped with an ice-pack via overnight courier to our laboratory where they were processed, separated into plasma, red blood cell and white blood cell components, and stored in liquid nitrogen freezers.
All women completed a questionnaire at the time of blood draw that recorded the date and time of day of blood sample collection, current weight, smoking status, medication use, hours since last food intake, as well as the first day of the menstrual cycle during which the blood samples were drawn. 
Case ascertainment
Starting in 1993, women were asked whether they had ever had physician-diagnosed endometriosis and, if so, reported the date of diagnosis and whether it had been confirmed by laparoscopy (15) . In total, 363 women were diagnosed with laparoscopically confirmed endometriosis at least 1 year after blood draw. The final data set included 350 cases of endometriosis. Cases were excluded because of inadequate sample volumes or the inability to adequately match with a control specimen.
Control selection
For each case of endometriosis, 2 controls were randomly selected from the risk set of each case within ±1 year of age, who were of the same race/ethnicity (white, Asian, African American, Hispanic, or other), and had similar infertility history and menopausal status at diagnosis. Cases and controls were also matched by sample type (luteal, untimed), luteal day (for luteal samples), month (±1 month), time of day (±2 hours), and fasting status (<2, 2-4, 5-7, 8-11, ≥12 hours) at blood draw.
Assessment of exposure
All assays were performed in the laboratory of Dr. Nadir Rifai (Boston Children's Hospital, Boston, Massachusetts). IL-6 was measured by a quantitative sandwich enzyme immunoassay technique. The concentration of hs-CRP was determined using an immunoturbidimetric assay on the Roche P Modular system (Roche, Inc., Basel, Switzerland). IL-1β, sTNFR-1, and sTNFR-2 were measured by enzyme-linked immunosorbent assay. The soluble TNF receptors are produced by the proteolytic cleavage of TNF cell surface receptors following induction by TNF or other cytokines. They have a longer half-life than TNF and are detected with higher sensitivity. Blinded quality controls samples were included in every batch for each assay, which allowed us to calculate coefficient of variations (CV) within and across batches. In the present study, the inter-assay CV for each analyte was 70.0% for IL-1β, 8.1% for IL-6, 9.2% for sTNFR-1, 6.8% for sTNFR-2, and 4.2% for hs-CRP. Because of the large CV for the IL-1β assay, we restricted our analyses to batches in which CV was less than 20%.
Statistical analyses
Quintile cutpoints for the inflammatory markers were defined by the distribution among the controls. For C-reactive protein, we also used current recommended clinical cutoffs (low, <1.0 mg/L; average, 1.0-2.9 mg/L; and high, ≥3.0 mg/L) (16) . Although the primary analysis for IL-1β was restricted to batches in which the CV was less than 20%, we conducted alternative analyses to evaluate the sensitivity of obtained results to the choice of IL-1β CV cutoff. These analyses used different CV cutoffs of less than 10%, 15%, and 30%, and also included all samples.
Conditional logistic regression models that accounted for all matching factors were used to estimate the relative risks and 95% confidence intervals that adjusted for potential confounders. Tests for linear trend were conducted with median quintile concentrations. Stepwise restricted cubic splines (17, 18) were used to examine the possible nonlinearity of the relationship between each inflammatory marker and endometriosis. A likelihood ratio test was used to assess the significance of any nonlinearity.
We examined whether the associations between inflammatory markers and endometriosis varied by factors such as age at blood draw (<40 years vs. ≥40 years), age at endometriosis diagnosis (<45 years vs. ≥45 years), body mass index (BMI; calculated as weight (kg)/height (m) 2 ) at age 18 years (<20 vs. ≥20), BMI at blood draw (<25 vs. ≥25) and infertility at diagnosis (ever vs. never) using tertiles of markers to account for the smaller within-strata sample sizes in the stratified analyses. We assessed the statistical significance of heterogeneity using a likelihood ratio test. In addition, the following sensitivity analyses were conducted: women who were premenopausal at blood draw; women with luteal phase samples; and excluding endometriosis cases diagnosed within 2 or within 4 years after the blood collection. Analyses were performed using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
The study population comprised a total of 350 cases and 694 controls. The mean age at blood draw was 41.7 years (range, 33-52 years) for cases and 42.1 years (range, 32-52 years) for controls. The median time between blood draw and endometriosis diagnosis was 4 years, with an interquartile range of 3-6 years. Overall, cases had earlier age at menarche, higher BMI at blood draw, higher likelihood of being nulliparous, lower likelihood to be a smoker, and a lower household income in 2001 compared with controls. Mean levels of IL-1β, sTNFR-1, and sTNFR-2 were similar between cases and controls, with cases having slightly higher IL-6 and hs-CRP levels ( Table 1) . Spearman correlation coefficients among markers were between 0.12 and 0.23 (data not shown).
Compared with the first quintile, women in quintiles 2-4 of IL-1β plasma levels had a greater risk of endometriosis (second quintile relative risk (RR) = 3.30, 95% confidence interval (CI): 1.06, 10.3; third quintile RR = 3.36, 95% CI: 1.09, 10.4; fourth quintile RR = 4.64, 95% CI: 1.58, 13.6; fifth quintile RR = 2.16, 95% CI: 0.69, 6.74). This relationship was not linear (P for trend = 0.62), and suggests an association with a threshold IL-1B level beginning at 0.47 pg/mL or greater (Table 2) . We also compared the combination of quintiles 2-5 with the first quintile (RR = 3.28, 95% CI: 1.25, 8.62). These IL-1β results remained largely unchanged when we applied alternative cutoffs of CV to define inclusion (<10%, <15%, and <30%), but were attenuated when all data with CV >70% were included (data not shown).
When evaluated within quintile pair-wise comparisons, these data showed no evidence of linear or threshold relationships between plasma IL-6, sTNFR-1, sTNFR-2, and hs-CRP levels and the risk of endometriosis (top vs. bottom quintile: IL-6 RR = 1.03, 95% CI: 0.64, 1.67, P for trend = 0.76; sTNFR-1 RR = 0.78, 95% CI: 0.47, 1.28, P for trend = 0.52; sTNFR-2 RR = 0.68, 95% CI: 0.43, 1.09, P for trend = 0.18; hs-CRP RR = 0.82, 95% CI: 0.49, 1.38, P for trend = 0.96) ( Table 2 ). In addition, when applying current recommended clinical cutoffs for CRP, the results were similar (high vs. low RR = 1.14, 95% CI: 0.84, 1.55) (data not shown). However, in cubic regression spline analyses, sTNFR-2 was observed to have a significant nonlinear relationship with the risk of endometriosis (P for nonlinearity = 0.001), which suggested a threshold sTNFR-2 level beginning at greater than 3,400 pg/mL (Figure 1) . No other inflammatory markers had a significant nonlinear relationship with the risk of endometriosis.
We examined effect modification by age at blood draw, age at diagnosis of endometriosis, BMI at 18 years, BMI at blood draw, and infertility history. sTNFR-1 was associated with endometriosis risk among women aged less than 40 years at blood draw (sTNFR-1 third tertile RR = 2.1, 95% CI: 1.1, 3.8), but not among women age 40 years and older at blood draw (P for heterogeneity = 0.002). Similar patterns were observed for sTNFR-2 and hs-CRP compared with the first tertile (sTNFR-2 third tertile RR = 1.6, 95% CI: 0.9, 2.9; hs-CRP third tertile RR = 1.4, 95% CI: 0.8, 2.6; P for heterogeneity ≤ 0.05).
All results remained largely unchanged when the sample was restricted to women who were premenopausal at blood draw and those with luteal samples (data not shown). The positive association between IL-1β and risk of endometriosis was similar when endometriosis cases that were diagnosed within 2 or within 4 years after blood draw were excluded (data not shown). There remained no associations between IL-6, sTNFR-1, sTNFR-2, and hs-CRP with the risk of endometriosis even when these incident cases were excluded (data not shown).
DISCUSSION
In the present nested case-control study, plasma IL-1β levels were positively associated with the increased risk of laparoscopically confirmed endometriosis. However, we found no overall associations between plasma IL-6, TNF-α, or CRP levels and the risk of endometriosis. Our data also suggested that higher TNF-α levels were associated with increased endometriosis risk among women who were younger than 40 years at blood draw but not among women who were 40 years and older.
Cytokines such as IL-1β, IL-6, and TNF-α have been found in experimental studies to be involved in adhesion of endometrial cells to the peritoneum, and in angiogenesis and proliferation of endometriotic lesions (6, 19) . In vitro studies have shown that the adhesion of human endometrial cells to mouse peritoneum and human peritoneal mesothelial cells was increased by treatment with interleukin IL-1β, IL-6 or TNF-α (20, 21) . IL-6 and vascular endothelial growth factor were shown to have angiogenic activity in vitro and in vivo (22, 23) . IL-1β was shown to play an important role in angiogenesis within human endometriotic lesions by stimulating the induction of vascular endothelial growth factor and IL-6 in endometriotic stromal cells but not in normal endometrial stromal cells (24) . Finally, the cellfree fraction of peritoneal samples from patients with endometriosis was found to stimulate the proliferation of human normal endometrial cells (25) , and TNF-α was shown to induce the proliferation of human endometriotic stromal cells (26) .
Previous case-control studies of the associations between levels of IL-1β, IL-6, TNF-α, and hs-CRP and endometriosis risk have produced inconsistent results. Elevated IL-1β levels were reported in patients with endometriosis compared with controls (7, (27) (28) (29) , although Bedaiwy et al. (8) found no elevation. Increased concentrations of IL-6 were observed in women with endometriosis compared with controls (12, 27, 29, 30) ; however, Somigliana et al. (11) found no association. Many studies (8, 9, 13, 27) have found an association between raised levels of TNF-α and endometriosis, whereas Othman et al. (12) found no association. Similarly, Abrao et al. (10) found that CRP appeared to be increased in women with endometriosis, whereas in a more recent study, Xavier et al. (13) did not find an increase. These inconsistent findings may be due to sampling from different case populations, different assay sensitivities, low statistical power, inappropriate control selection, and insufficient adjustment for confounders. The sample size of those studies was generally small (most studies <50 cases), which make the results more susceptible to random error than in the present study (n = 350 cases). Moreover, these casecontrol studies either selected controls from women without pathology who underwent tubal ligation (proven to be fertile) or from women who had other pathologies as indication for laparoscopy but had no evidence of endometriosis upon laparoscopy. In these study designs, the results may have been driven by the risk factor distribution for the underlying causes of infertility or other pathology rather than by endometriosis, and may therefore be biased in unpredictable directions.
We observed significantly increased risk of endometriosis in the second to fourth quintiles of IL-1β levels, but not in the fifth quintile (although the magnitude of effect was more than 2-fold). Although we did not observe any associations between IL-6, sTNFR-1, sTNFR-2, and hs-CRP levels and risk of endometriosis by quintiles, we observed that very high levels of sTNFR-2 (>3,400 pg/mL) were associated with increased endometriosis risk. We observed slightly higher mean levels of IL-6 and hs-CRP among cases compared with controls, but found null results with quintiles. This discrepancy may be due to the right skew distribution of IL-6 and hs-CRP. Both basic science and epidemiologic evidence has been pointing to the important role of inflammation in endometriosis. However, it has been unclear whether the inflammatory reactions are involved in the pathogenesis of endometriosis or whether they are merely an epiphenomenon of the disease process. Based on our findings, it appears that previously observed elevation of IL-6 and hs-CRP levels in peritoneal fluid or peripheral blood may be the result of endometriosis itself Abbreviations: BMI, body mass index; hs-CRP, high-sensitivity Creactive protein; IL-1β, interleukin-1 beta; IL-6, interleukin-6; MET, metabolic equivalent of task; sTNFR-1, soluble tumor necrosis factor α receptor-1; sTNFR-2, soluble tumor necrosis factor α receptor-2; SD, standard deviation.
a Patients with laparoscopically confirmed cases of endometriosis were matched in a 1:2 ratio with controls of comparable age, race/ethnicity, infertility history, and menopausal status at diagnosis and by month, time of day, and fasting status at blood draw.
b All values are standardized to the age distribution of the study population. Abbreviations: CI, confidence interval; hs-CRP, high sensitive C-reactive protein; IL-1β, interleukin-1 beta; IL-6, interleukin-6; MET, metabolic equivalent of task; RR, relative risk; sTNFR-1, soluble tumor necrosis factor receptor-1; sTNFR-2, soluble tumor necrosis factor receptor-2.
a Values for IL-1β, IL-6, sTNFR-1, sTNFR-2 are expressed in pictograms per milliliter; values for hs-CRP are expressed as milligrams per liter. b Relative risks and 95% confidence intervals were estimated using conditional logistic regression conditioned on the matching factors, including year of birth, current and past infertility status (yes vs. no), menopausal status at time of diagnosis (for timed samples; premenopausal, postmenopausal, or dubious/missing/unknown), month and year at blood draw, time of day at blood draw (2-hour blocks), fasting status at blood draw (fasting vs. nonfasting), luteal day, and race/ethnicity (African-American, Asian, Hispanic, white, or other).
c Matching factor conditioned models were further adjusted for age at menarche (<12, 12, or >12 years), body mass index at age 18 years (weight (kg)/height (m) 2 ; <18.5, 18.5-22.5, 22.5-24.9, ≥25.0), BMI at blood draw (<22.5, 22.5-25.0, 25.0-29.9, or ≥30.0 ), number of pregnancies lasting more than 6 months (0, 1-2, >3 births), total months of breast feeding (nulliparous, 0 or <1, 1-12, 12-23, or ≥24 months), smoking history (never, past, or current), past oral contraceptive use (yes vs. no), Alternative Health Eating Index 2010 score (<45, 45-54, or ≥55), alcohol consumption (0, 0-5, or >5 g/day), physical activity level (<3, 3-9, 10-18, >18 metabolic equivalents of task/week), history of hypertension and hypercholesterolemia, and pre-tax household income in 2001 (<$49‚000, $49,000-$99,000, or ≥$100,000).
d P values were calculated using the Wald test of a score variable represented by the median values of quintiles.
rather than a causal factor of the disease. However, it is possible that IL-1β, and possibly very high levels of TNF-α, are initiating pathogenic factors of endometriosis through an unknown mechanism. It is also possible that IL-1β and TNF-α are merely the earliest among the 4 inflammatory markers to be elevated and detectable to indicate the existence of endometriosis. A recent multicenter study in 10 countries observed an average delay of 7 years from symptom onset to surgical diagnosis of endometriosis (31) . Our validation study determined that the average diagnostic delay was 4 years in the NHSII. When excluding endometriosis cases diagnosed within 2 and within 4 years after blood collection, our results remained largely unchanged. However, because the pathophysiologic history remains unknown and endometriosis may develop long before symptoms emerge, we cannot rule out the possibility that IL-1β and TNF-α are early disease markers rather than pathogenic causes of endometriosis.
We observed that higher TNF-α levels were positively associated with endometriosis risk among women younger than 40 years of age but not among women older than 40 years at blood draw. This is consistent with our earlier findings that endometriosis was associated with higher risk of coronary heart disease, potentially mediated through an inflammatory milieu; the associations were strongest among women younger than 40 years of age (32) . Together, these results suggest that the inflammatory milieu associated with endometriosis may be etiologically relevant among younger women. It is possible that the inflammatory milieu changes caused by disease progression are distinct between younger and older women. Alternatively, endometriosis that is clinically evident at younger ages may have a different pathogenesis and risk profile (e.g., inflammation) compared with endometriosis that first becomes clinically evident at older ages.
The present study has several limitations. The IL-1β assay was discovered to yield large variation within and among assay batches (overall CV >70%). A strength of the present study, however, is that we spaced quality control samples so that at least 2 fall into each assay batch, with the laboratory blinded to their location. This allowed us to identify the large assay variation as well as to determine which batches had a more acceptable level of variation. Had these data not been available, we would have attributed the null association that we observed among all data to reflect evidence for no association between IL-1β and endometriosis risk rather than to laboratory error. Restriction of analysis to batches with CV less than 20% allowed the valid assay relationship to be observed. In addition, levels of some inflammatory markers such as CRP have been shown to vary over the menstrual cycle (33); however, results were similar when analysis was restricted to luteal phase samples, which suggested that sampling timing had little influence on the results.
The mean age at blood draw within the NHSII was 42 years. In order to rigorously evaluate the potential etiologic relation between inflammatory markers and endometriosis risk (i.e., to "cause" disease, the marker elevation must be present before disease diagnosis) and preserve the consequently required prospective design of the present study, only those endometriosis cases diagnosed after blood draw were eligible for study inclusion. Therefore, the mean age at diagnosis of endometriosis within this nested case-control population was 46 years, approximately 10 years older than the mean age of diagnosis in the whole cohort. This is an inalterable reality of this sample population. Although these results are internally valid within this segment of the endometriosis spectrum, it may not be generalizable to all women with endometriosis if the role of inflammation in the pathophysiology of endometriosis differs according to age at diagnosis. As we observed elevated risks of endometriosis with increased levels of TNF-α in women younger than 40 years at blood draw and a similar pattern for hs-CRP, a stronger relation between inflammation and endometriosis risk may have been observed if the study population was younger at the time of blood collection.
Another limitation of the present study is the inability to identify the true time of onset of endometriosis at a molecular or cellular level, which is true for all studies of endometriosis focused on etiologic discovery regardless of design or study population. Although we defined endometriosis incidence by the date of diagnosis and conducted subanalyses requiring that time from blood collection to diagnosis be 4 years or more, today's diagnostic technology is unable to determine exactly how far before diagnosis (or symptom onset) endometriosis is present. In addition, we do not have information on the stage of endometriosis for most cases. However, disease stage does not have a clear association with symptom severity (34) , and is thus unlikely to influence our results.
Finally, asymptomatic endometriosis may be present among some of our control women, which would drive results of the present study toward the null. However, as mentioned above, 2 alternative methods of defining controls are present in the literature, both with their own limitations. First, if controls were limited to women who had undergone tubal ligation, intractable bias could be introduced if levels of key inflammatory markers are influenced by multiparity or infertility independent of endometriosis. In addition, although the goal of a tubal ligation is not to discover endometriosis, it is not certain that women who have undergone this procedure are definitively endometriosisfree. Second, if controls are limited to women who have undergone a diagnostic laparoscopy who are not observed to have endometriosis, these women may not reflect a "healthy" comparison population but rather a nonendometriosis pathology that underlies their indication for surgery (pain or infertility). This pathology may also be associated with inflammation and would therefore bias our results to the null. Although minimizing the likelihood of endometriosis among the controls is a concern, given the low prevalence of undiagnosed endometriosis in the general population (<2% suggested by Zondervan et al. (35) ), the number of undiagnosed cases in the control group is likely to be small and would only marginally dilute the true association. Despite these limitations, this is one of the largest studies of inflammatory markers and endometriosis to date and the only study with a prospective design. The key strength of this study is that blood samples were collected on average 4 years prior to diagnosis of endometriosis. The prospective study design uniquely allows evaluation of the temporality between inflammatory levels and risk of endometriosis, or at least within a time window earlier in the disease process than analyses conducted at or after the time of surgical diagnosis. All matched nested case-control triplets were shipped and assayed blinded to case-control status, and also included systematically spaced blinded quality control samples. Moreover, our control selection from within the large NHSII cohort minimizes the potential for selection bias that may have been inevitable in previous casecontrol studies that selected controls from women proven to be fertile or undergoing laparoscopy because of other pathologies. Finally, infertility history at diagnosis was matched between cases and controls, which minimizes the possibility that our results are explained by underlying conditions that caused infertility (i.e., oversampling of infertility among cases of women with endometriosis).
In summary, in this prospectively matched, nested case-control study, higher plasma levels of IL-1β and sTNFR-2 were associated with increased risk of subsequent laparoscopically confirmed endometriosis. Further research in larger studies with younger age at blood collection and longer time from blood to surgical diagnosis will be required to confirm these associations and further hypothesize regarding these results.
